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Abstract 
The article deals with the analysis of the wing design made almost entirely of composite structures for a small plane to a maximum take-off 
weight of 2000 kg. All-composite wings provide less weight for airplane fuselage so they improve the flight performance and flight economy. 
Also, implementation of the magnetic microwires into the composite structure gives us the possibility to measure stresses induced in structures 
after some periods of operation time. This measurement is realized contactless, without the need of any intervention into the structures. The basic 
building standard is a certification specification CS 23. Calculations of basic aerodynamic analysis of a wing and its load, engineering design and 
FEM calculations are included.  
© 2014 Karol Semrád, Pavol Lipovský, Jozef Čerňan, Martin Jurčovič. Published by Elsevier Ltd. 
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1. Introduction 
During the development of aviation structures, there has always been put an emphasis on the effective use of 
materials. Trying to find the right balance of safety, working lifespan, ecological balance and economical efficiency, 
there is an ambition to develop new materials which are close to these opposite requirements. The introduction of 
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new progressive composite materials has started the out crowding of aluminium alloys. Those materials had found 
their use in the aviation constructions thanks to the properties like low specific weight, high fracture toughness, 
better chemical and atmospheric resistance and high specific strength. The application of composite materials in 
aviation constructions for light airplanes or airliners (according to the CS/FAR 23 and 25 rules) is continually rising. 
Actual requirements on production and potential of decreasing the absolute activity expenses for airliners production 
are the main reasons for widespread application of composite materials. 
However, composite materials in contrast to the traditional structural materials do have certain specifications that 
to some extent make them difficult to use in practice. Apart from the production process is the important feature of 
considerable directional heterogeneity in mechanical properties and also age-related change in the composite 
mechanical properties. Hence, there is the need to monitor their condition during operation and as an option of this 
process appears the utilization of sensors already implemented in the structure, which do not affect the resulting 
mechanical properties. Such contactless sensors might be in the future the magnetic microwires. 
2. Implementation of magnetic microwires 
Magnetic microwires are composite materials composed of a metallic core with a circular cross-section with the 
diameter less than 100 μm covered in a glass coating. Their manufacturing is based on constant pulling of a thin 
fibber from an inductively heated melted alloy in a reagent tube. The most used manufacturing method is the Taylor 
– Ulitovsky method. 
The magnetic properties of microwires are specified first and foremost by the chemical composition of their core. 
Next significant factor is the thickness of the glass coating, the ratio between thickness of the glass coating and the 
diameter of the core. 
Magnetic microwires are divided into three groups based on their core magnetostriction, which is dependent on 
the core chemical composition. Each group of alloys has specific chemical composition and domain structure: 
x alloys with positive magnetostriction, 
x alloys with negative magnetostriction, 
x alloys with small magnetostriction. 
From the tensile stress measurement possibility point of view the magnetic microwires with high and positive 
magnetostriction, which are based on Ferrum are suitable. Positive magnetostriction causes creation of domain 
structure in the direction of mechanical stresses induced in the manufacturing process. The resulting structure is 
composed from the main axial domain that is surrounded by radial domains (Fig. 1). These microwires are 
characterized by bistable magnetic behaviour. Microwire can thus be in one of the two steady states, positive or 
negative saturation. The magnetic reversal is accomplished in one Barkhausen jump, during which a single axial 
magnetic domain runs through the microwire core and magnetic poles change occurs.  
 
             
50 µm
 
Fig. 1 Distribution of magnetic domains and magnetic microwire in photography. 
 
The microwire in a steady state is magnetized in majority of the axial domain’s volume with one polarity, the 
counter-pole is created with a closing domain of reverse polarity. The microwire is magnetically reversed if the 
magnitude of the ambient magnetic field with opposite polarity reaches value over the critical field of the microwire 
HSW, also called the switching field. Barkhausen jump occurs consequently and the axial domain is magnetically 
reversed. The HSW is the fundamental property of bistable magnetic microwires. The BH loop of these microwires 
has a rectangular shape as it is illustrated in Fig. 2. 
The switching field value is mainly given by the chemical composition of the microwire core, by the ratio 
between the thickness of the glass coating and the diameter of the core and can be adjusted with manufacturing 
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process and also post processing. The switching field also depend on some physical quantities like temperature, 
tensile stress and frequency of the excitation magnetic field.  
Based on the tensile stress dependence of the switching field, a contactless tensile stress sensor can be created 
with the magnetic microwire as the sensing element. The microwire can be placed inside the composite material and 
due to its small diameter and glass coating it does not create a defect in the composite material structure. 
 
 
Fig. 2 Rectangular BH loop of bistable microwire. 
 
Fig. 3 Block diagram of the measurement workstation. 
 
For the verification of this contactless sensing method testing samples from glass fibre composite containing 
eight layers of glass fibre cloth with density of 50 g/m2 were created. The microwire of a chemical composition 
Fe38,5Ni39Si7,5B15 with the length of 20 mm was placed inside the material between the first and the second layer of 
the sample. For excitation and sensing planar coils placed in 2 mm distance from the sample surface were used. The 
block diagram of the measurement workstation is shown in Fig. 3.  The sensing method is based on sensing of 
induced voltage peaks occurring during the re-magnetization processes and evaluation of the measured time 
intervals as it is illustrated in Fig. 4 and equation (1), where HMAX is the maximal excitation field, T+ and T- are the 
time intervals defined by the excitation tri-wave signal and the voltage peaks occurrences and T is the duration of 
excitation field half-period. 
 
Fig. 4 Measurement principle. 
 
 
 
 
 
 
 
 
Fig. 5 Measurement results example. 
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There were realized multiple measurements with high correlation, an example of measurement results is shown in 
Fig. 5. As it can be seen from the graph, the microwire response is in a very good relation to the applied stress. In 
the area of decreasing stress is visible asymmetry compared to the area of increasing stress. This is probably caused 
by imperfection in the manufacturing process of the sample. The presented results are confirming good adhesion of 
the microwire in the composite material sample and clearly detectable response of the microwire on tensile stress 
induced inside the tested sample. Based on these results and results of our previous work [1, 2, 3] it is possible to 
realize a non-destructive diagnostics of composite wing by placement of the microwires in critical points accessible 
to technical maintenance personnel and so to monitor the state (health, fatigue) of the composite material.   
3. Definition of composite material for design analysis 
 A composite material is a combination of two or more materials which consist of the stiffen element ensuring the 
strength and a connecting matrix, which are used as an adhesive element. Because the composite material is – by 
contrast to metal materials – anisotropic (especially fiber composites), there is a way to increase the material 
strength and other characteristics by the right fiber direction orientation and so to increase the total material 
efficiency. Elastic properties of the orthotropic layer for the 3D model are fully characterized by 9 elastic constants: 
x Young’s modulus E1, E2, E3, 
x Poisson’s constant ν12, ν 23, ν 13, 
x Young’s shear modulus G12, G23, G13. 
Laminates are made from more one – direction oriented same or different material layers, which are variously 
oriented between each other and stored in the matrix material. The orientation is written by a code, in which are the 
relations among angles of each of the layers and the main material direction (for example balanced laminate 
[0/+45/90/-45/90/0]). There is used balanced and unbalanced laminating which can be assigned for a foreground 
deformation if it is correctly used. 
Sandwich constructions consist of light and rigid construction panels, which consist of the core (honeycomb) in 
the middle and the skin (cover) on the part surface. These three-layer panels are used in wing constructions, control 
surfaces and fuselage. 
4. Design and loading calculation of a composite wing  
In accordance to the assignment for wing calculation has been chosen the maximum take-off weight: 
lbskgmMTOW 44092000        (2) 
For this weight, there was designed a flight envelope with accordance to the CS 23.333 regulation, where have been 
chosen the most unfavorable condition in which the airplane recovers from the dive flight. This maneuver is critical 
for the wing strength in accordance to the force from the lift L and weight G (3). 
G
Ln         (3) 
   nLL HFM .       (4) 
In agreement with the constitution equation (4), the lift force acting during the maneuver LM is equal to the lift force 
acting on the horizontal flight LHF multiplied with the load factor ratio n. 
From the constitution equation has been counted the maximum angle of attack α during a dive flight, which has 
the value of α = 3.68°. For this point was calculated the distribution of the lift coefficient on the wing in the XFLR5 
software as can be seen in Fig. 6 and Fig. 7. 
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Fig. 6 Pressure coefficient cp for α=3.68° (mean aerodynamic chord). 
 
Fig. 7 Distribution of  cp for α=3.68 – wing from the upper side. 
5. Design of wing construction  
   For the design was the criterion of maximum failure stress used. This criterion doesn’t expect any interaction 
among each type of failures. That means that the critical stress for one mode doesn’t affect on other modes by its 
stress [4, 5, 6]. The failure happens when one of the stresses reaches the critical mode [7]. These values are 
concerned on the main laminate axes. 
The wing – Fig. 8 consists of the upper and lower sandwich panel, two main beams and one support beam, tables 
and seven ribs. The wing is attached by eight 20 mm pins which are mounted in bronze housing glued right in the 
composite material. Proposed placements of the microwires into the structure closest to the surface are indicated by 
arrows. Proximity near the surface allows easy access for stress measurement. 
 
 
Fig. 8 Upper side of the wing with places of microwires’ implementation into the composite structure. 
 
For the calculation were chosen predefined material properties like “transversely isotropic” for the maximum 
stress criterion used. 
Composite materials, as it has been referred in the last chapters, are characterized by different material properties 
in each direction. That’s the reason why it is so important to choose the right material orientation for optimal 
composite properties applications. The strength calculations in module Pro/Mechanica STRUCTURE are based on 
the geometric element method (GEM). The principle of this method, similar to the finite element method, is based 
on dividing the analyzed volume into elements. For the required accuracy there is used the P–adaptive method [8]. 
The model has been loaded with the functional pressure value by each segment which has been taken from the 
output XFLR5 data, next it has been counted on pressures and imported in a table form (.pts files) defined on a 
geometric skin area – Fig. 9. 
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Fig. 9 Example of pressure distribution on the vacuum side for root of the wing. 
 
For the model analysis was used the multi-pass adaptive static analysis method that uses the P-Adaptive method, 
which concludes the calculations with those the user can evaluate values like stress, deformation, etc. 
For each area element there has been assigned a material compound. After choosing of the beginning compound 
design of each layer in the laminate and after the optimization there has been achieved the final state of each layer 
constitution. 
6. Results interpretation 
By the FEM analysis it was necessary to take into account the non-uniformity of each laminates and superficial 
dividing on the model – Fig. 10, 12. 
 
 
Fig. 10 Shell-wing skin, layer 1, the upper side of the wings. 
 
Fig. 11 Shell – web, layer 1. 
 
From the past analyses ensures, that the Shell-skin elements don’t exceed the allowed values on any layer 
on all laminate zones. Critical became the Shell-skin elements in the foam layer – Fig. 11, 13. 
 
 
Fig. 12 Shell-structure of wing. 
 
Fig. 13 Critical area of the wing skin. 
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A gradual analysis has shown the development of the critical stress by the wing length in the table – wing 
connection for the pulled side of the wing in the foam layer of the sandwich composite. The deformation of the foam 
core is in this case ignored, because even if the foam gets damaged, it isn’t a suspension element, it only creates a 
filling for increasing the effective thickness of the skin – the skin is bending solidly.  
For the next real implementation of the wing is necessary to make the static strength tests (which simulates the 
real loading), further there are requirements on fatigue strength, dynamical stress tests and aeroelastic effects 
incidence. 
7. Conclusion 
In this article is presented a proposal of basic geometric characteristics of wings, design loads according to the 
CS 23 specification, implementation of magnetic microwires into the laminate structure and design of laminate 
structural wings. 
With implementation of glass coated magnetic microwire into the fully composite wing design it is, based on the 
experimental verification on composite material samples, possible to realize contactless sensing of the tensile stress 
inside the wing material. This can be utilized in non-destructive diagnostics of composite material in monitored 
critical points. Currently there is an ongoing development of this method aimed on the detection range increase and 
finding the most suitable microwire material. 
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